Abstract. We have addressed the long-standing question regarding nonlinear sediment response in the Los Angeles region by testing whether sediment amplification was similar between the Northridge earthquake and its aftershocks. Comparing the weak-and strong-motion site response at 15 sediment sites, we find that amplification factors were significantly less for the main shock implying systematic nonlinearity. The difference is largest between 2 and 4 Hz (a factor of 2), and is significant at the 99% confidence level between 0.8 and 5.5 Hz. The inference of nonlinearity is robust with respect to the removal of possibly anomalous sediment sites and how the referencesite motion is defined. Furthermore, theoretical ground-motion simulations show no evidence of any bias from finite source effects during the main shock. Nonlinearity is also suggested by the fact that the four sediment sites that contain a clear fundamental resonance for the weak motion exhibit a conspicuous absence of the peak in the strong motion. Although we have taken the first step of establishing the presence of nonlinearity, it remains to define the physics of nonlinear response and to test the methodologies presently applied routinely in engineering practice. The inference of nonlinearity implies that care must be exercised in using sediment site data to study large earthquakes or predict strong ground motion.
Introduction
It has been recognized since at least 1898 [Milne, 1898] that sedimentary deposits can increase earthquake ground motion relative to bedrock. Such sediment amplification has been documented in numerous studies of small earthquakes, and the physics is well understood in terms of linear elasticity [Aki, 1988] . In order to conserve energy, wave amplitudes generally increase in sediments due to lower seismic velocities and densities. In addition, resonances can occur where distinct layer boundaries exist.
For the damaging levels of ground motion produced by large earthquakes, however, there has been a long-standing debate regarding the nature of sediment amplification. The prevailing view in the geotechnical engineering community is that sediments behave nonlinearly during large earthquakes [e.g., Hardin and Drnevich, 1972a,b; Finn, 1991; Ishihara, 1996] . That is, due to the finite strength of unconsolidated sediments, the shear modulus depends on the strain amplitude in violation of Hooke's law. This perspective is based almost entirely on laboratory tests of sedimentary samples, which imply that the shear modulus (and thus the shear wave velocity) is reduced, and the degree of attenuation (or damping) is increased as strain amplitudes increase [e.g., Hardin The significance of nonlinearity for the type of stiff-soil sites found in southern California remains particularly problematic. Rogers et al. [1984] reported no statistically significant evidence for nonlinear sediment response in the Los Angeles basin during the 1971 San Fernando earthquake, although Beresnev and Wen [1996] have suggested that their analysis was not ideally suited for such a test. In addition, studies of observed and predicted peak motion during the 1994 Northridge earthquake have resulted in mixed interpretations [Borcherdt, 1996; Chin and Aki, 1996b] , and a study by Harmsen [1997] of spectral amplification was nonconclusive. This lack of strong evidence for sediment nonlinearity in the greater Los Angeles region could be due either to it not being significant for the levels of ground motion thus far experienced or to it having gone undetected given other sources of uncertainty in the data.
The present disparity between seismological understanding and engineering practice for sediment sites in southern California remains a significant impediment to the further refinement of seismic hazard assessments, as reflected in a recent study where some of the ground motion models applied assumed nonlinearity and some did not [Petersen et Figure 1 . We will refer to sites by their strong-motion station name (see Table 1 The levels of peak ground accelerations experienced during the main shock were between 293 and 426 crn/s 2 at the hardrock sites and between 99 and 924 cm/g 2 at the sediment sites (Table 1 ). For comparison, the peak ground accelerations experienced at the hard-rock site SCT ranged between 0.18 and 55.54 crn/s 2 for the aftershocks. [Andrews, 1986] . Of the many schemes that have been proposed, we follow that outlined by Field and Jacob [1995] to ensure reliable uncertainty estimates. There is one unconstrained degree of freedom in the inversion which means that all site response estimates can be multiplied by an arbitrary value provided all source effects are divided by the same amount. This is constrained by stipulating that one or more of the rock sites, referred to as the reference motion, has no site response on average (i.e., unit amplification).
The resultant site-response estimates therefore represent path-effect-corrected average sediment-tobedrock spectral ratios.
The weak-motion site-response estimates obtained from the aftershock data are presented in Figure 2a 
Strong Motion
The strong-motion site-response estimates are plotted in Figure 2 with the dashed lines. These were obtained from the main shock data using equations (1) and (2) To the extent that both the sediment and hard-rock sites exhibit a good spatial distribution about the main shock, these finite source effects will presumably be averaged out. Nevertheless, we explicitly test for any potential biases introduced by finite source effects later in this paper.
Comparison of Weak and Strong Motion Estimates
It is important to note that any systematic differences between the true path effect and that assumed in equation (2), as well as any site effect in the reference-site definition, has been mapped onto the site-response estimates as a source of bias. Therefore we caution against inferring the "true response" or absolute amplification levels at any particular site. However, since the main shock and aftershocks traveled similar paths, and the same reference-site definition has been applied in both cases, the weak-and strong-motion estimates should be equally biased. Table 1 for reference). If we exclude the two highest values (corresponding to VSP and JFP as seen in Figure 2 and Table 1), the difference actually becomes more significant as the standard deviation is reduced more than the mean. In fact, at 3 Hz one must remove the 10 highest ratios in Figure 4 before the difference loses significance at the 95% confidence level (according to the t distribution). Therefore it does not seem likely that the result is biased by the inclusion of a few possibly anomalous sediment sites.
Except for two cases (VSP and
Similarly, one might suspect that the inclusion of an anomalous hard-rock site in the reference-motion definition could bias the result. As stated previously, the absolute amplification levels (e.g., Figure 3 . This would imply that such effects are probably not influential at the higher frequencies where we infer nonlinearity. However, the data available to study directivity are very limited, so our current understanding may not justify such heuristic reasoning. Therefore it is important to consider how rupture details may have influenced the source effect perceived at each site and how this may influence our inference of nonlinearity.
As one test, we also performed the inversion using only the relatively distant Los Angeles basin'sites (LCN, HST, LSS, ALF, BHA, and LVS), with the hard-rock site SCT used as the reference motion. Because these sites are at a greater distance and cover a narrower range of azimuths, any bias due to finite source effects should be reduced. The result is shown in Figure   6 . Although we now have only six sites with which to test the null hypothesis, the difference is still significant at 3 Hz at the 95% confidence level. The difference is generally less, a factor of-1.6 at 3 Hz as opposed to a factor of -2 in Figure 4 , which is consistent with the notion that the nonlinearity will be less for the lower ground motion levels at the more distant sites. (Table 2) , so the synthetic seismograms do not contain site effects. For comparison, a set of synthetics were computed for nine relatively small earthquakes (crack radius of 0.5 km)distributed evenly over the rupture plane, each of which was given the same focal mechanism as the main shock. An analysis using equations (1) and (2), identical to that applied to the actual observations, was then applied to the synthetic seismograms (with the nine relatively small events representing aftershocks). The resultant site-response estimates for the 15 sediment and 4 hard-rock sites are plotted in Figures 8a and 8b, respectively, in analogy with Figures 2a   and 2b . The results for the small earthquakes (solid lines with shading) reveal frequency dependent behavior at some of the sites which might be interpreted as site resonances. However, no site effects were included in the synthetics so this behavior represents differences between the computed Greens functions and the path-effect correction used in the inversion (equation (2)), which is precisely why we previously warned against inferring absolute amplification factors from Figure 2 . The results for the main shock synthetics (dashed lines in Figure 8 ) exhibit some significant differences from the small-event estimates indicating significant finite source effects. Figure 9 shows the synthetic main shock and small-event site response estimates averaged over the 15 sediment sites. That the average for the small events is near unity over the entire frequency band (i.e., no implied site response) suggests both that equation (2) is an adequate representation, on average, of the theoretical Greens functions and that source radiation pattern effects are averaged out as well. More importantly, the result for the main shock is not significantly different from that of the aftershocks, implying that any finite source effects have also been averaged out and are not masquerading as nonlinearity in the strong-motion observations. Figure 10 shows the ratio of small-event to main shock site response estimates for the synthetic seismograms. The individual estimates reveal some marked departures from unity implying finite source effects. In particular, the three sites that exhibit anomalously low values below 1 Hz (implying relatively high main shock amplitudes due to finite source effects) are JFP, SYH, and NWH. This is a result of the directivity effect described above for these sites located near the updip extension of the fault.
As a more direct and quantitative test, we also investigated

In analogy with Figure 4,
Although the individual ratios in Figure 10 suggest that finite source effects are present, the averages in Figures 9 and 10 suggest that these effects are averaged out and do not influence our rejection of the null hypothesis regarding sediment nonlinearity. Indeed, if we use the synthetic seismogram ratios (dashed lines in Figure 10 ) to correct the observed ratios (Figure 4) (Table 1) because it represents the most official classification that we could find. However, it is important to note that any wrong classifications in our study will only reduce the average difference due to nonlinearity and will therefore not influence our rejection of the null hypothesis. Nevertheless, it is useful to examine our results for evidence of any miss classifications. The site response estimate for the soft-rock site LF6 in Figure 2c shows significant amplification. According to Harmsen [1997] Figure 11) and because of the possible presence of finite source effects in the strongmotion estimates, caution must be exercised in interpreting these results in terms of reduced amplification factors and/or resonant frequency shifts. Nevertheless, the fact that the resonant peak seen clearly in the weak-motion estimates is conspicuously absent in the strong motion data is suggestive of sediment nonlinearity.
Discussion and Conclusions
By a systematic comparison of site response estimates between the Northridge earthquake and its aftershocks, we have found it necessary to reject the null hypothesis that sediment response was linear. That is, sediment amplification was significantly reduced, by up to a factor of 2, for the main shock. Although the absolute amplification factors depend somewhat on the reference site definition, the inference of nonlinearity does not. This conclusion is robust with respect to: the exclusion of any possibly anomalous sediment sites if; only aftershocks deeper than 7 km are used; or if the more distant Los Angeles Basin site are considered exclusively.
Kinematic modeling of the main shock ground motion does not suggest any bias from finite source effects. We admit that this and all other methodologies for simulating finite source effects are not totally reliable, especially at higher frequencies. Furthermore, the Northridge-specific rupture model was obtained assuming a linear response at sediment sites [Zeng and Anderson, 1996 ], which we now argue is an invalid assumption. In spite of these limitations the kinematic modeling conducted here does represent the state of the art and is certainly a reasonable, if not totally conclusive, test of finite source effect biases. Using the predictions to correct the observations does not eliminate the significance of nonlinearity, no matter what combinations of rock sites is used to define the reference motion.
This conclusion differs from that of Harmsen [1997] , who compared spectral amplification of Northridge aftershocks to the average amplification for the 1971 San Fernando, 1987 Whittier Narrows, 1991 Sierra Madre, and 1994 Northridge main shocks. Except for three sites (LF6, SMI, and JFP), all of which he conjectured to have experienced ground failure, he found weak-and strong-motion estimates to be consistent. However, his strong-motion estimates were complicated by including main shock events from widely different epicentral locations. Therefore his ability to infer nonlinearity was exacerbated by the well-known intrinsic variability of site response with respect to source location. We have avoided this problem by examining only the Northridge main shock and its aftershocks, thus enabling the demonstration that nonlinearity was more pervasive than just the three sites that may have experienced grount• failure. Similar conclusions have now been reached in other subsequent studies [Beresnev et al., 1998b; Suet al., 1998 ], which claim to have resolved a trend in the degree of nonlinearity as a function of input motion level.
That the nonlinearity observed here is greatest at-3 Hz, and reduced at higher frequencies, appears to contradict the laboratory observation that damping values increase (or Q decreases) with increasing strain levels (implying an increasing discrepancy with frequency). However, fully nonlinear calculations predict a transition frequency above which amplification is actually increased by the nonlinear response [e.g., Yu of borehole arrays which, as demonstrated by Wen et al. [1994, 1995] and Kazama [ 1996] , are very effective in resolving resonant-frequency shifts and reducing uncertainties associated with the input motion. One immediate geophysical implication of this study is that the use of empirical Green's functions (i.e., small earthquakes) as an estimate of the combined path and site effects for large earthquakes may be inappropriate at sediment sites. For example, the inference of source properties for large earthquakes using empirical Green's function deconvolution [Bakun and Bufe, 1975; Mueller, 1985 ] may give biased results if nonlinear effects are present. In addition, the use of empirical Green's functions in composite source simulations of large.earthquakes [e.g., Irikura, 1983; Hutchings, 1994] may overpredict ground motion at sediment sites. We plan to test this latter assertion using the Northridge data in a future study.
Appendix: Spectral Estimation Procedure
Since a variety of sensor types were used to collect the data, the time series were instrument corrected and converted (if necessary) to acceleration. After a visual inspection to remove data containing any instrument problems, the seismograms were windowed with a 20 s segment starting 1 s before the shear wave arrival. Fourier amplitude spectra were then computed and smoothed with a boxcar function that increased in width with the log of frequency (e.g., 0.5 Hz width at 1 Hz and 1.3 Hz width at 10 Hz).
Aftershock spectral values were eliminated from consideration for any one of the following reasons: (1)they did not exceed 2.7 times that of the noise measured from the preoP wave signal; (2)the frequency was less than one-fourth that of the natural period of the seismometer (if recorded with a velocity sensor); or (3) the hypocentral distance was less than 10 km (to minimize the effect of location uncertainties in the path-effect correction). Finally, all of the remaining horizontal component observations for a given site and event (some of the sites recorded on more than one type of sensor and/or gain level) were combined with a geometric average.
